Introduction
Gap junctions are specialized cell-to-cell channels that enable neighboring cells to exchange small signaling molecules (less than ~1 kDa), and to synchronize metabolic and electrical activities. Each gap junction channel is composed of two hemichannels or connexons that reside in the plasma membrane of two closely apposed cells and dock with each other via their extracellular domains. Hemichannels are hexamers of protein subunits, members of a family of homologous proteins called connexins. To date, 20 and 21 connexin genes have been found in the mouse and human genomes, respectively (reviewed by Söhl and Willecke, 2004) .
Although once considered to represent nothing more than an intermediate step in gap junction assembly (Li et al., 1996) , undocked hemichannels are now understood to play a variety of physiological and pathological roles. Recent studies have documented that undocked hemichannels can open on the nonjunctional cell surface in response to membrane depolarization, mechanical stimulation, metabolic stress, reduction in extracellular calcium and an increase of cytoplasmic calcium (reviewed by Bennett et al., 2003; Goodenough and Paul, 2003; De Vuyst et al., 2006) . Hemichannels are involved in a number of cellular processes, including: the release of ATP, NAD + , prostaglandin and glutamate (Stout et al., 2002; Ye et al., 2003; Bruzzone et al., 2001; Cherian et al., 2005; Zhao et al., 2005) ; intercellular calcium wave propagation (Stout et al., 2002) ; cell-volume regulation (Quist et al., 2000) ; and transduction of survival signals (Plotkin et al., 2002) . However, because all these studies were performed in vitro, it is not clear whether gap junction hemichannels play physiological roles in vivo.
Ovarian follicles have provided fertile ground for exploring the physiological roles of gap junctional communication (reviewed by Kidder, 2005) . Connexin43 (Cx43, encoded by Gja1) is highly expressed in developing follicles, in which it forms the gap junctions coupling granulosa cells (Gittens et al., 2003; Tong et al., 2006) . The indispensable role of this connexin during ovarian folliculogenesis has been clearly demonstrated using knockout mice. In C57BL/6-strain Gja1-knockout mice (Gja1 -/-), folliculogenesis is arrested in the primary stage and the oocytes are developmentally incompetent (Ackert et al., 2001 ). This impairment is related to the fact that granulosa cells lacking Cx43 display a lower proliferation rate and a reduced response to an oocyte-derived mitogen, indicating an impaired granulosa cell function and not an oocyte defect as the primary cause .
None of the studies published to date on Cx43 in granulosa cells have ruled out the possibility that gap junction hemichannels and not intercellular gap junction channels account for its indispensable role in folliculogenesis. Indeed, there is information in the literature suggesting a possible role for undocked hemichannels in folliculogenesis. Studies have shown, for example, that extracellular ATP can act through P2 purinergic receptors to induce Ca 2+ oscillation within granulosa cells (Tai et al., 2000) , thus potentially regulating their activities, such as secretion, differentiation, proliferation Connexin43 (Cx43, encoded by Gja1) is required for ovarian follicle development in the mouse. It is strongly expressed in granulosa cells, in which it forms intercellular gap junction channels that couple the cells metabolically. However, recent evidence indicates that undocked gap junction hemichannels can also have physiological roles such as mediating the release of small messenger molecules, including ATP. In this study, the presence of undocked Cx43 hemichannels in granulosa cells was revealed by dye uptake induced either by mechanical stimulation or by the reduction of extracellular divalent cations, both of which are known triggers for hemichannel opening. ATP release was also detected, and could be abolished by connexinchannel blockers. None of these putative hemichannelmediated activities were detected in Cx43-deficient granulosa cells. Therefore, we hypothesized that Cx43 hemichannels in ovarian granulosa cells and apoptosis (Lara et al., 2001; Flores et al., 1998; Kamada et al., 1995; Park et al., 2003) . Furthermore, ATP-induced Ca 2+ release in granulosa cells can lead to an increase in Ca 2+ level in the oocyte, suggesting a possible role for this nucleotide as an important messenger within the developing follicle (Webb et al., 2002) . Because undocked Cx43 hemichannels have been demonstrated to mediate the release of ATP in many other cell types, these findings suggest that they might function similarly in ovarian granulosa cells and could be required for follicular development.
The experiments carried out in the present study were designed to test the hypothesis that undocked gap junction hemichannels composed of Cx43 exist in mouse granulosa cells and are involved in folliculogenesis. The presence of undocked Cx43 hemichannels was explored by comparing the hemichannel properties of wild-type and Cx43-deficient granulosa cells. The essential involvement of undocked Cx43 hemichannels in folliculogenesis was tested in vivo by retroviral delivery of a hemichannel-only Cx43 construct [Cx43 lacking the conserved cysteines of the extracellular loops (Bao, X. et al., 2004) ] into Cx43-deficient granulosa cells, which were then combined with oocytes to construct reaggregated ovaries. Our results demonstrate that, although undocked Cx43 hemichannels are present in ovarian granulosa cells, they alone cannot support follicular development.
Results

Dye uptake and ATP release by granulosa cells
To look for the presence of undocked hemichannels in the plasma membranes of mouse granulosa cells, we performed dye-uptake assays on primary cultures of cell monolayers using the low-molecular-weight fluorescent dyes Lucifer yellow (LY, 457 Da) and propidium iodide (PI, 668 Da), which are not membrane permeable but can pass through gap junction hemichannels (Gomes et al., 2005; Lai et al., 2006) . In regular extracellular solution, both wild-type (3.4±0.4%, n=4 with a total of 178 cells being counted) and Cx43-deficient (2.6±0.3%, n=4, total of 180 cells) cells showed minimal dye uptake (Fig. 1A,D) . After removing extracellular Ca 2+ and Mg 2+ , wild-type granulosa cells showed significant uptake of LY (72.0±9.2%, n=6, total of 278 cells) (Fig.  1B,D) ; a similar result was obtained when calcium alone was removed from the medium (data not shown). By contrast, very few Cx43-deficient granulosa cells were loaded with dye under the Ca 2+ -and Mg 2+ -free condition (4.5±3.7%, n=5, total of 194 cells) (Fig. 1D) . This difference between wildtype and Cx43-deficient granulosa cells was not an artifact due to gap junctional sharing of dye between the wild-type cells, because the same result was obtained when very-lowdensity cultures were used (data not shown). Dye uptake by wild-type granulosa cells was significantly blocked by previously reported hemichannel blockers: carbenoxolone (CBX, 200 M; Fig. 1C ), flufenamic acid (FFA, 100 M) and mefloquine (MFQ, 50 M) (P<0.001 for each compared to the blocker-free condition; Fig. 1D ), indicating that undocked Cx43 connexons mediated the dye uptake under the extracellular divalent-cation-free (DCF) condition. For carbenoxolone, a concentration-inhibition experiment revealed that a concentration of at least 100 M was required to significantly inhibit LY uptake (data not shown). These results are consistent with previous studies showing that removal of extracellular divalent cations can open gap junction hemichannels (Stout et al., 2002; Zhao et al., 2005; Lai et al., 2006; De Vuyst et al., 2007) . To exclude the possible involvement of the large pore-forming channel P2X7 receptor (also known as P2RX7) (Suadicani et al., 2006 ), the nonselective purinergic-receptor blocker suramin (IC 50 =5 M for blocking pore formation of the rat P2X7 receptor) (Hibell et al., 2001 ) was used. Suramin (100 M) failed to block the dye loading of wild-type granulosa cells (71.2±6.8%, n=5, total of 221 cells; P>0.05 compared to the blocker-free condition) (Fig. 1D) . Furthermore, mechanical stimulation, another widely used condition to induce opening of hemichannels (Zhao et al., 2005; Cherian et al., 2005) , also triggered significant (P<0.001) dye uptake by wild-type granulosa cells (57.5±0.8%, n=4, total of 464 cells) as compared with non-stimulated cells (3.7±0.4%, n=3, total of 178 cells). Again, the effect could be blocked by CBX (200 M) (10.6±0.6%, n=3, total of 265 cells; P<0.01 versus mechanical stimulation only) (Fig. 1E) . Because uptake of rhodamine-labeled dextran, a molecule too large (10 kDa) to pass through gap junction hemichannels, did not occur after mechanical stimulation, the LY uptake was not due to cell membrane damage (Fig. 1F) .
Incubation of granulosa cells in DCF solution also triggered a 4.6±0.4-fold increase in ATP release compared with controls; this increase was significantly above the baseline (P<0.001) (n=17) and was significantly suppressed by CBX (P>0.05 compared with baseline) (n=16) (Fig. 1G) . By contrast, Cx43-deficient granulosa cells did not show a significantly increased ATP release under the DCF condition, and CBX had no obvious effect either (n=10 each) (Fig. 1G, P>0 .05 compared with baseline). Collectively, these results indicate that undocked Cx43 hemichannels on granulosa cells open in response to reduced extracellular divalent cations and release ATP.
Expression of pannexins and P2X7 receptors
It has been reported that activation of pannexin channels provides another pathway for dye uptake and ATP release Pelegrin et al., 2006; Suadicani et al., 2006) . To exclude the possibility that the difference we observed between wild-type and Cx43-deficient granulosa cells was mediated by these channels, we analyzed the expression of genes encoding pannexins. By reverse transcriptase (RT)-PCR, we detected transcripts encoding all three pannexins in RNA from whole ovary, but only pannexin 1 (Panx1) mRNA was detected in granulosa cells ( Fig. 2A) . Semi-quantitative RT-PCR demonstrated that Panx1 expression remained constant in the granulosa cells during follicular development from the fetal (gestation day 18.5) to mature (3-to 4-weeks old) stage (P>0.05, Fig. 2B ). Furthermore, there was no significant difference in Panx1 expression between wild-type and Cx43-deficient granulosa cells (P>0.05, Fig. 2B ,C). The same result was obtained when P2rx7 gene expression was analyzed in the same way. These data, along with the suramin-treatment result described above and the relative insensitivity of hemichannel opening to carbenoxolone as compared with that of pannexin channels (5 M) (Huang et al., 2007) , indicate that neither P2X7 receptors nor pannexin channels are likely candidates to mediate the observed ATP release/dye uptake in granulosa cells.
Characterization of cys-less Cx43 in MDCK cells and granulosa cells
It has been shown that the highly conserved cysteine residues located in the extracellular loops of the connexins are essential Journal of Cell Science 120 (22) for the docking of hemichannels with each other to form intercellular gap junction channels (Dahl et al., 1991) . Cx43 lacking all six cysteines on its extracellular loops is unable to form functional gap junction channels, but still retains hemichannel functions, as determined from experiments with Xenopus oocytes (Bao, X. et al., 2004) . To further characterize this mutant protein in mammalian cells, we produced the cysless Cx43 construct by mutating the six cysteines on the extracellular loops to alanines (Fig. 3A,B ). The construct also included an enhanced green fluorescent protein (EGFP) cassette as a reporter downstream of an internal ribosomal entry site (IRES). In preliminary experiments, the cys-less Cx43 construct was retrovirally delivered into Madin-Darby canine kidney (MDCK) cells, which retain a minimal level of endogenous intercellular coupling when they are confluent (Cereijido et al., 1984) . To confirm that the cys-less Cx43 constructs were integrated into the cell genome, the cells were passaged for 4 weeks after retroviral infection. We found that more than 90% of infected MDCK cells still showed EGFP expression after 4 weeks, indicating that the constructs were stably integrated into the cell genome. Immunostaining showed that the cys-less Cx43 could be detected on the cell membrane, although much of it was intracellular. However, in contrast to the extensive dye transfer between infected cells mediated by WT pre-GC), wild-type 3-to 4-week-old mice (WT GC) and Cx43-deficient ovaries 3-4 weeks after grafting into adult kidney capsules (KO GC). The bar graph (bottom) shows the average relative amplicon band intensity (Panx1:Actb amplicon ratio), which was determined by densitometry (n=4; P>0.05, one way ANOVA). (C) Similarly, semiquantitative RT-PCR was used to compare P2rx7 transcript levels in wild-type and Cx43-deficient granulosa cells (n=4; P>0.05, unpaired t-test). Cx43 hemichannels in ovarian granulosa cells wild-type Cx43, the cys-less Cx43 bestowed very limited intercellular dye-transfer ability ( Table 1 ), demonstrating that cys-less Cx43 lacks the ability to form functional intercellular gap junction channels.
Having thus confirmed the ability of the cys-less Cx43 construct to be stably expressed, the same construct was introduced into Cx43-deficient fetal pre-granulosa cells by retroviral delivery. By immunostaining, cys-less Cx43 expression was located on the cell plasma membrane as well as in the cytoplasm (Fig. 3C) . Similar to what was observed in the MDCK cells, cys-less Cx43 was not able to confer intercellular dye-transfer ability on Cx43-deficient granulosa cells, whereas wild-type Cx43 was (7.1%, n=14 versus 100%, n=15, respectively) (Fig. 3D) . To test for gap junction hemichannel function, the infected granulosa cells were exposed to DCF solution and both dye-uptake and ATP-release assays were performed. To better distinguish the test dye from the reporter EGFP, PI was used in the dye-uptake assay instead of LY (Fig. 4A ). As plotted in Fig. 4B , granulosa cells expressing cys-less Cx43 showed a significant increase in dye uptake when exposed to DCF solution (84.3±9.1%, n=3, total of 80 cells counted) compared with the same cells in regular solution (3.2±0.6%, n=3, total of 93 cells). Similarly, 82.4±15.1% of cells infected with wild-type Cx43 showed dye uptake in DCF (n=3, total of 78 cells) compared with 2.2±0.3% of cells in regular solution (n=3, total of 81 cells). This dye uptake was blocked by CBX (200 M, Fig. 4B ). Furthermore, granulosa cells infected with either wild-type Cx43 or cys-less Cx43 showed a significant increase in DCF-triggered ATP release ( Fig. 4C ; fold increase of 6.3±1.2 and 7.0±1.4, respectively; P<0.001 compared with regular extracellular solution), demonstrating that cys-less Cx43 can form functional gap junction hemichannels in granulosa cells despite its inability to form functional intercellular channels. Because Journal of Cell Science 120 (22) were confident that the levels of expression of the two connexins were comparable.
Folliculogenesis in reaggregated ovaries expressing cysless Cx43
To test the hypothesis that undocked hemichannels, by themselves, can fulfill the essential role of Cx43 in granulosa cells, we constructed ovaries using Cx43-deficient pregranulosa cells retrovirally infected with different DNA constructs (wild-type Cx43, cys-less Cx43 or empty vector lacking any connexin cDNA). These genetically modified granulosa cells were combined with wild-type oocytes to form cell pellets. The cell pellets were transplanted under the kidney capsules of adult host females, allowing us to observe follicular development in vivo. In reaggregated ovaries made with wildtype oocytes and Cx43-deficient granulosa cells infected with wild-type Cx43, follicles of all developmental stages were observed (Fig. 5A,B) , indicating that the virally re-introduced wild-type Cx43 had rescued the impaired folliculogenesis of Cx43-null mutant ovaries. However, ovaries made with Cx43-deficient granulosa cells infected with cys-less Cx43 only contained follicles at early stages (Fig. 5A,B) , similar to what was observed in the empty-vector control group and in the grafted Cx43-null mutant ovaries reported previously (Ackert et al., 2001 ). The follicle distributions were significantly different between ovaries expressing wild-type Cx43 and those expressing cys-less Cx43 (P<0.001, chi-square test) as well as between ovaries expressing wild-type Cx43 and those infected with empty vector (P<0.01, chi-square test). No statistical difference was observed between the distribution in cys-less Cx43-infected ovaries and empty-vector-infected ovaries (P>0.05) (total follicles=72, 33 and 22 from three, four and three reaggregated ovaries expressing wild-type Cx43, cys-less Cx43 or empty vector, respectively). Immunostaining confirmed the expression of the introduced constructs in the reaggregated ovaries (Fig. 5C) . Similar to what was observed immediately after infection, cys-less Cx43 in the reaggregated ovaries after 4 weeks showed strong intracellular expression, whereas wild-type Cx43 mainly formed plaque-like structures between granulosa cells. As a negative control, no Cx43 was detected in ovaries infected with empty vector. These results strongly indicate that cys-less Cx43 cannot rescue the folliculogenesis defect caused by the loss of Cx43 from granulosa cells.
Discussion
Numerous studies have indicated that, in addition to forming intercellular gap junction channels, connexons can function as undocked hemichannels and in other ways, involving interactions with other proteins (reviewed by Jiang and Gu, 2005) . Undocked hemichannels are involved in the release of important signaling molecules, including ATP, NAD + , prostaglandin and glutamate (Stout et al., 2002; Ye et al., 2003; Bruzzone et al., 2001; Cherian et al., 2005; Zhao et al., 2005) , suggesting possible roles for gap junction hemichannels in paracrine signaling. Previous studies with Cx43-knockout mice demonstrated an essential role for this connexin in ovarian granulosa cells in supporting folliculogenesis and the development of competent oocytes (Ackert et al., 2001; Gittens et al., 2003; . Although the loss of Cx43 from granulosa cells abolished gap junctional intercellular communication (Gittens et al., 2003; Tong et al., 2006) , no evidence has been presented that it is the loss of intercellular channels and not hemichannels, or both, that accounts for the ovarian defects. Given the presence of various purinergic receptors on granulosa cells (Tai et al., 2000) and the possible role of ATP signaling in regulating the meiotic activity of oocytes (Webb et al., 2002) , it was important to investigate the possibility that Cx43 functions only as undocked hemichannels during follicular development.
In the present study, the presence of undocked Cx43 hemichannels in granulosa cell plasma membranes was demonstrated by measuring dye uptake and ATP release triggered by removing extracellular divalent cations or by mechanical stimulation, two common ways to induce the opening of gap junction hemichannels in various cell types (Stout et al., 2002; De Vuyst et al., 2007; Zhao et al., 2005; Cherian et al., 2005) . Both dye uptake and ATP release were inhibited by various gap junction hemichannel blockers and were absent in Cx43-deficient granulosa cells, indicating that both phenomena were due to hemichannels composed of Cx43. By contrast, our results indicated that pannexins and P2X7 receptors, both of which have been reported to form pore-like channels in the cell membrane Pelegrin et al., 2006; Suadicani et al., 2006) , are not involved because there was no change in either Panx1 or P2rx7 gene expression with the loss of Cx43, the sensitivity of hemichannel-mediated LY uptake to carbenoxolone was much lower than that of pannexin channels (5 M) (Huang et al., 2007) and there was no effect of a P2X7-receptor antagonist on dye uptake. Collectively, these results support the conclusion that undocked Cx43 hemichannels are present in granulosa cells and can be induced to open under mechanical stress or a reduced extracellular level of divalent cations to allow ATP release. In rapidly growing follicles, granulosa cells might be subjected to mechanical deformation due to their frequent cell division, growth of the oocyte and/or expansion of the fluid-filled antrum during later stages. Furthermore, the ionic concentration of the antral fluid, to which the granulosa cells are exposed, changes dynamically during follicular development (Nandi et al., 2006) , another possible cause of hemichannel opening and ATP release.
To distinguish between the potential roles of Cx43 in forming gap junction channels and hemichannels in granulosa cells, we took advantage of a hemichannel-only Cx43 construct. It has been reported that mutant Cx43 lacking the conserved six cysteines in the extracellular loops cannot form functional gap junction channels, but still maintains hemichannel function, as revealed in Xenopus oocytes by the dye-uptake assay (Bao, X. et al., 2004) . We confirmed this in mammalian cells by retrovirally delivering the cys-less Cx43 construct into either MDCK cells or into Cx43-deficient fetal granulosa cells, neither of which exhibit gap junctional coupling. Cys-less Cx43 was targeted to the cell plasma membrane in both cases but had minimal capacity to mediate intercellular dye transfer, although it did convey gap junction hemichannel activity similar to wild-type Cx43 as demonstrated by dye uptake and ATP release in DCF medium. Therefore, this cys-less Cx43 construct provided a tool for testing the ability of undocked Cx43 hemichannels to rescue the folliculogenesis defect caused by the loss of Cx43 from granulosa cells, without the participation of intercellular gap junction channels.
An important issue is whether hemichannels have physiological or pathological functions in vivo. In this study, we delivered wild-type and cys-less Cx43 constructs into Cx43-deficient fetal pre-granulosa cells by retrovirus so that the constructs were stably integrated into the cell genome. This allowed them to be continually expressed during the 4-week period when the granulosa cells were proliferating in kidney grafts. By combining the granulosa cells with wild-type oocytes to make reaggregated ovaries, we evaluated the ability of the delivered constructs, expressed specifically in granulosa cells, to support folliculogenesis in vivo, simulating follicular development in the intact ovary. The efficiency of the retroviral delivery was proven by the successful expression of IRESlinked EGFP and ultimately by the ability of introduced Cx43 to advance folliculogenesis in the reaggregated ovaries made with Cx43-deficient granulosa cells. Therefore, the failure of cys-less Cx43-infected granulosa cells to support development beyond a very early follicle stage, a phenotype seen previously in Cx43-null mutant ovaries (Ackert et al., 2001) , indicates that undocked Cx43 hemichannels cannot by themselves support normal granulosa cell function during folliculogenesis. In other words, intercellular gap junction channels composed of Cx43 are essential for follicle development in the mouse, whether or not undocked hemichannels also play a role. To our knowledge, this is the first study to evaluate possible contributions of gap junction hemichannels in vivo.
Materials and Methods
Animals
All animal experiments were approved by the Animal Use Subcommittee of the University Council on Animal Care at the University of Western Ontario. Gja1 -/-C57BL/6 mice were produced by mating heterozygous mice. The genotype was determined by PCR as previously described . To obtain follicles from mice lacking Cx43 (which die at birth), ovaries from late gestation fetuses [embryonic day (E)18.5] were collected and cultured in Waymouth's MB 752/1 medium (Invitrogen, Canada) containing 10% fetal bovine serum (FBS) (Invitrogen, Canada) on Millicell-PC (3.0 m; 30 mm) polycarbonate membrane (Millipore, Bedford, MA) for 1 or 2 days until the genotypes of the ovary donors were determined. Ovaries were then grafted under kidney capsules of adult ovariectomized female severe combined immunodeficient (SCID) Prkdc scid /Prkdc scid mice (from Harlan Sprague Dawley, IN) as described previously (Gittens et al., 2003) .
Cell culture
Follicles were isolated and cultured as described previously (Tong et al., 2006) . Briefly, 20-to 24-day-old female mice or graft hosts 20-24 days after transplantation were anesthetized with CO 2 and killed by cervical dislocation. The ovaries were removed and placed in culture in Waymouth MB 752/1 medium containing 10% FBS, 100 U/ml penicillin and 100 g/ml streptomycin (Invitrogen, Canada). Surrounding fat and connective tissue were removed using fine 30-gauge needles. The ovaries were then digested in medium containing 2 mg/ml type I collagenase (Sigma-Aldrich, Canada) to facilitate follicle release. Follicles were liberated by repeated aspiration and expulsion with a 1 ml pipettor. Care was taken to ensure that the follicles taken from wild-type ovaries were comparable in size to those from mutant mice. Follicles were washed with culture medium and transferred to another dish in which oocytes and granulosa cells were separated by treatment of trypsin-EDTA (0.05% trypsin, 0.53 mM EDTA tetrasodium salt, Invitrogen) for 5 minutes and centrifuged at 600 g for 5 minutes. The supernatant (containing oocytes) was removed and the granulosa cells resuspended in culture medium. They were transferred to 12 mm glass coverslips then cultured at 37°C in 5% CO 2 /95% air for less than 48 hours.
Pre-granulosa cells were isolated from the ovaries of wild-type or mutant fetuses (gestation day 18.5) by dissociating with trypsin-EDTA for 45 minutes as previously described . Cell suspensions were centrifuged at 600 g for 5 minutes, resuspended in Medium 199 (M199) containing 10% FBS, 100 U/ml penicillin and 100 g/ml streptomycin (Invitrogen, Canada), and cultured on 12 mm coverslips or 35 mm culture dishes at 37°C. The unattached oocytes were removed the next morning by changing the medium.
MDCK cells were maintained in DMEM (Invitrogen) containing 10% FBS, 100 U/ml penicillin and 100 g/ml streptomycin at 37°C in 5% CO 2 /95% air.
Dye-uptake assay
For each experiment, pooled wild-type or mutant granulosa cells from the ovaries of two to three mice were seeded on 12-mm glass coverslips in 24-well plates at a similar density of 30-40% confluency. For control conditions, cells were washed twice with regular extracellular solution (ECS) (142 mM NaCl, 5.4 mM KCl, 1.4 mM MgCl 2 , 2 mM CaCl 2 , 10 mM HEPES, 25 mM dextrose, osmolarity 298 mOsm, pH 7.35) and incubated for 15 minutes in 500 l ECS containing 1% Lucifer yellow (LY, MW 457, Sigma-Aldrich). For DCF conditions, cells were washed once with regular ECS and once with DCF-ECS (Ca 2+ and Mg 2+ were replaced by 2 mM EGTA) and then incubated in 500 l DCF-ECS containing 1% LY (with or without pharmacological blockers) for 15 minutes. All the blockers were pre-incubated in the DCF-ECS for 30 minutes. The incubation solution was then aspirated and the cells were washed three times with regular ECS, fixed with 4% paraformaldehyde and the nucleus was stained with Hoechst 33342. The coverslips were mounted on glass slides and images were captured on a Zeiss Axioskop 2 microscope equipped with a Retiga 1300 CCD digital camera (Q imaging). Cell counts were expressed as the percentage of cells loaded with LY relative to the total number of cells in view, counted after Hoechst staining. Between 30 and 100 cells were counted on each coverslip with three to six different experiments being performed for each experimental condition (i.e. n=3 or greater). In some experiments, as stated in the Results, 0.5 mM propidium iodide (PI, MW 668, Sigma-Aldrich) was used instead of LY. The osmolarity of all solutions was measured by an osmometer (Wescor Vapro 5520, Logan, Utah) and adjusted with dextrose.
Mechanical stimulation was achieved by gently pipetting ECS containing 10 mg/ml microglass beads (30-50 m diameter, Polyscience) onto the cultured cells as described previously (Zhao et al., 2005) . The solution containing 1% LY and glass beads with or without 200 M carbenoxolone (CBX) was slowly pipetted with a 20 l pipettor repeatedly during a 15-minute period. To exclude the possibility of cell membrane damage, rhodamine B dextran (5%, MW 10 kDa, Sigma-Aldrich) was added together with LY in one experiment (Fig. 1F ). Cells were then washed, fixed and counted as described above. All experiments were performed at room temperature (23-25°C).
ATP measurement
Granulosa cells were treated as described above in regular or DCF ECS. Care was taken that both wild-type and Cx43-deficient granulosa cells were seeded at the same density. The incubation solution was collected and the amount of ATP was measured by a bioluminescence-based method using a luciferin-luciferase assay kit (Invitrogen, Burlington, ON) and luminometer Pforzheim, Germany) . ATP concentration in the incubation solution was calculated from a standard curve, which was simultaneously derived from serially eightfold-diluted ATP standards in each experiment. To minimize variation between experiments, each measurement was normalized to the baseline reading in the same experiment.
Semi-quantitative RT-PCR
RT-PCR was performed with RNA isolated from whole ovary, cultured pregranulosa cells and granulosa cells using the RNeasy mini kit (Qiagen, Mississauga, ON). Total RNA (2 g) was treated with DNase I (Invitrogen) and reverse transcribed using oligo(dT) primer with Superscript II reverse transcriptase (Invitrogen). The optimal number of PCR cycles was determined in advance for each primer pair using wild-type cDNA as template. Actb mRNA encoding ␤-actin served as an internal standard. The ideal ranges of PCR amplification observed were 33 cycles for Panx1, Panx3 and P2rx7, 35 cycles for Panx2, and 26 cycles for Actb. Primer sequences and optimum annealing temperature for each PCR reaction are listed in Table 2 . PCRs were performed in 25 l volumes containing 2.5 l 10ϫ PCR buffer, 1 l 50 mM MgCl 2 , 3 l 2 mM dNTP, 1 l of each primer and 1 U Platinum Taq DNA polymerase (Invitrogen). Amplification was conducted with a Perkin Elmer 2400 thermal cycler as follows: initial denaturation for 10 minutes at 95°C followed by cycles of denaturation (30 seconds at 94°C), annealing (30 seconds at optimum temperature) and extension (1 minute at 72°C). Amplicons were visualized and quantified using Quantity One fluorescence detector and software (Bio-RAD, CA).
cDNA constructs
Rat Cx43 cDNA in Bluescript M13+ vector was amplified by oligonucleotides 5Ј-CCCTCGAGGGAAGGCGTGAGGAAAGTAC-3Ј (RAT43F) and 5Ј-CGGGAT -CCAAGCCGGTTTAAATCTCCAG-3Ј (RAT43R), which added a XhoI restriction site at the 5Ј end and a BamHI restriction site at the 3Ј end of the cDNA. The amplified Cx43 cDNA was subcloned into pGEM-T Easy vector system I (Promega, Madison, WI). To generate cys-less Cx43 cDNA, all of the cysteine sites on the two extracellular loops (Fig. 3A) were mutated to alanine. A set of primers designed for the Quikchange multi-site-directed mutagenesis kit (Stratagene, La Jolla, CA) was used (mutated base underlined) in the mutant-strand synthesis reaction with the Cx43 cDNA in the pGEM-T Easy vector as template, as follows: 5Ј-CAGTC -TGCCTTTCGCGCTAACACTCAACAACC-3Ј (for 198 . The cys-less Cx43 cDNA was released from the pGEM-T Easy vector using restriction endonucleases XhoI and BamHI. The wild-type and cys-less Cx43 cDNAs were inserted into the AP2 retroviral vector, a murine plasmid retrovector including the enhanced green fluorescent protein (EGFP) reporter gene. The inserted cDNA and EGFP coding fragments were connected by an IRES to facilitate independent translation of the two proteins from the same mRNA (Fig. 3B) (Galipeau et al., 1999) .
Retroviral infection of cells
The wild-type and cys-less Cx43 constructs were delivered into MDCK cells or Cx43-deficient granulosa cells by retrovirus as described previously (Qin et al., 2002) . Briefly, the retroviral AP2 construct was transfected into 293GPG packaging cells using the LipofectAMINE PLUS procedure (Invitrogen, Canada). At 48 hours after transfection, 293GPG culture medium was replaced with fresh DMEM. Culture medium containing virus was collected daily for 7 consecutive days, filtered through a 0.45 m syringe filter and concentrated by centrifugation (25,000 g, 90 minutes) (Galipeau et al., 1999; Qin et al., 2002) . The virus pellets concentrated from 5 ml of supernatant were resuspended in 200 l medium. Cells grown to 40-50% confluency were incubated with concentrated retrovirus (200 l virus was added into 2 ml culture medium) for 24 hours at 37°C. Infection efficiency was determined 48 hours after infection by visualizing live or fixed cells for EGFP expression under a fluorescence microscope.
Dye microinjection
LY (5%) was backfilled via capillary action through a 1 mm thin-wall glass capillary (World Precision Instruments, FL) pulled to a tip diameter of 1 m. Clusters of EGFP-positive cells were selected for microinjection. One cell from each cluster was impaled and the dye was allowed to diffuse into the cell for 1 minute. After injection, recipient cells were counted. To avoid the possibility of cytoplasmic bridges, dye transfer was only scored as positive when the dye passed to more than one recipient cell.
Construction of reaggregated ovaries
Fetal ovaries were cultured as described above. Cx43-deficient ovaries were pooled (4-6 per group), washed with 1 mg/ml bovine serum albumin (BSA) (SigmaAldrich, Canada) in PBS and dissociated with 0.05% trypsin-EDTA for 45 minutes as previously described . Cell suspensions were centrifuged at 600 g for 5 minutes, resuspended in Medium 199 (M199) containing 10% FBS and transferred to tissue culture dishes (Easy Grip 35ϫ10 mm, Falcon). Cells were cultured overnight in 5/5/90 atmosphere (5% CO 2 , 5% O 2 , 90% N 2 ) at 37°C. The following morning, unattached oocytes were removed and the pregranulosa cells were incubated with retrovirus as described above for 24 hours. At the same time, ovaries from wild-type fetuses were dissociated and cells were cultured in the same way. After 6 hours of culture at 37°C in 5/5/90 atmosphere, the wild-type oocytes were collected and transferred to another culture dish for continuing culture, whereas the wild-type somatic cells were discarded. On the morning of the third day, the infected Cx43-deficient somatic cells were rinsed using 1 mg/ml BSA-PBS, dislodged from the dish with 0.05% trypsin-EDTA and centrifuged at 600 g for 5 minutes to pellet the cells. Wild-type oocytes were recollected as described above, and pelleted by centrifuging at 600 g for 5 minutes. Wild-type oocytes were subjected to two rounds of seeding to avoid the contamination of wild-type somatic cells. Pellets were resuspended in 100 l of M199/10% FBS with 7 l/ml PHA lectin (0.05% phytohemagglutinin, SigmaAldrich). Wild-type oocytes and Cx43-deficient somatic cells infected with retrovirus were mixed and pelleted in a microfuge tube. Pellets were 'organ' cultured overnight in 5% CO 2 in air as described previously for fetal gonads . Chimeric ovaries were implanted beneath the renal capsules of bilaterally ovariectomized SCID mice as described above. Chimeric ovaries were harvested 28 days after the transplantation.
Histology and follicle counts
Chimeric ovaries were fixed in Bouin's solution, embedded in paraffin and sectioned at 5 m. Sections were stained with hematoxylin and eosin. Follicles were counted and classified according to the number of layers of surrounding granulosa cells and the presence of an antrum. Care was taken that only follicles sectioned through the nucleus of the oocyte were counted. Three to four chimeric ovaries were examined for each group and three sections from each ovary were evaluated.
Immunofluorescence
Cells grown on coverslips were fixed with 4% paraformaldehyde for 20 minutes at room temperature. Coverslips were then washed three times with PBS and incubated for 1 hour in 2% BSA (Sigma-Aldrich) in PBS containing 0.1% Triton (SigmaAldrich). The Cx43 antibody was raised against the C-terminal tail of rat Cx43 (Sigma-Aldrich) and the secondary antibody was Alexa-Fluor-598-conjugated goat anti-rabbit IgG (Molecular Probes). Cell nuclei were labeled with Hoechst 33342 (1:1000 dilution; Molecular Probes). Coverslips were mounted on microscope slides using Airvol (Air Products and Chemicals, Allentown, PA) and imaged on a Zeiss (Thornwood, NY) LSM 510 META confocal microscope. Digital images were prepared using Zeiss LSM, Adobe Photoshop 7.0 and CorelDraw 12 software. For tissue sections, chimeric ovaries were fixed with 4% paraformaldehyde, embedded in paraffin and sectioned at 5 m. Sections were de-waxed and stained with Cx43 antibody as described above.
Data analysis and statistics
The data are expressed as mean ± s.e.m., with 'n' denoting the number of independent experiments. Comparison of two groups was carried out using a twotailed unpaired t-test, with a P value below 0.05 indicating significance. Comparison of more than two groups was carried out with one-way ANOVA followed by a Tukey test. Two-way ANOVA and Bonferroni test were used to compare two groups under different experimental conditions. Statistical significance is indicated in the graphs with *** for P<0.001.
